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We review methods for coherently controlling Rydberg quantum states of atomic ensembles using
Adiabatic Rapid Passage and Stimulated Raman Adiabatic Passage. These methods are commonly
used for population inversion in simple two-level and three-level systems. We show that adiabatic
techniques allow us to control population and phase dynamics of complex entangled states of meso-
scopic atomic ensembles for quantum information processing with Rydberg atoms. We also propose
several schemes of single-qubit and two-qubit gates based on adiabatic passage, Rydberg blockade
and Fo¨rster resonances in Rydberg atoms.
PACS numbers: 32.80.Ee, 03.67.Lx, 34.10.+x, 32.70.Jz , 32.80.Rm
I. INTRODUCTION
Quantum computing is a challenging problem in mod-
ern physics [1]. Recently, great progress in quantum com-
puting with superconductors [2–4] and ultracold ions [5–
7] has been demonstrated, but their scalability to more
than a hundred of qubits is questionable. Several other
quantum systems (atoms, photons, quantum dots, etc.)
remain promising alternatives for building a scalable
quantum computer. Among them, ultracold neutral
atoms meet all the DiVincenzo criteria for qubits [8–
10]. Hyperfine sublevels of the ground state of alkali-
metal atoms with long lifetimes can be used as logical
states of a qubit [11, 12]. The arrays of optical dipole
traps [figure 1(a)] with single atom in each trap can be
used as quantum registers of arbitrary dimensions [13–
15]. The qubits can be initialized via optical pumping to
one of the hyperfine sublevels of the ground state. Single-
qubit gates can be performed using microwave transi-
tions between the hyperfine sublevels of the ground state
or via two-photon laser Raman pulses [16]. Two-qubit
gates can be implemented using long-range interaction
between Rydberg atoms [12, 15, 17–27]. The states of the
atoms can be measured using resonance fluorescence [9].
Despite the randomness in loading of each dipole trap,
the atomic arrays can be reconfigured using movable
optical tweezers, allowing building defect-free configura-
tions [14]. However, such quantum registers still suffer
from single-atom loss, which is illustrated as empty slots
in figure 1(a).
Recently, large quantum registers with ultracold neu-
tral atoms have been experimentally demonstrated [13,
15, 28, 29]. However, building of high-fidelity quantum
gates remains a challenging task. Two-qubit gates are
∗ beterov@isp.nsc.ru
rggr +
gg
rr
rggr -
Array of optical dipole traps 
loaded with single atoms
Array of optical dipole traps
loaded with atomic ensembles
Rydberg blockade for
 two atoms
(a)
(b) (d)
NW
ggg ...
е grgg
N
......
1
Two-level model of 
mesoscopic ensemble
(c)
FIG. 1. (Color online). (a) Scheme of the quantum register
based on individually addressed single atoms in the array of
optical dipole traps. Laser pulses are used to excite atoms
into the Rydberg state (shown as green circle). Simultane-
ous excitation of Rydberg atoms in the neighboring sites is
blocked; (b) Collective states of two interacting atoms. The
shift of the collective energy level when both atoms are ex-
cited into the Rydberg state leads to suppression of double
Rydberg excitation, known Rydberg blockade; (c) Scheme of
the quantum register based on individually addressed atomic
ensembles in the array of optical dipole traps. Laser pulses
are used to excite atoms into the Rydberg state. Only one
atom in each site can be excited due to Rydberg blockade.
Simultaneous excitation of Rydberg atoms in the neighbor-
ing sites is also blocked; (d) The mesoscopic ensemble of N
atoms in the Rydberg blockade regime can be considered as
a two-level system with enhanced coupling to the laser field.
the key element of a quantum computer. The most im-
portant are the controlled-NOT (CNOT) and controlled-
phase (CZ) gates. Their successful implementation can
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2be used in universal quantum computation. Two-qubit
gates can be based on the effect of Rydberg blockade [12],
which manifests itself as a suppression of the excitation
of more than one atom in the ensemble by narrow-band
laser radiation due to the shifts of the collective energy
levels induced by long-range Rydberg-Rydberg interac-
tions, as illustrated in figure 1(b) for two atoms. Ry-
dberg blockade was successfully used in the experiment
to build a CZ gate for ultracold neutral atoms with the
fidelity above 0.97 [19].
The mesoscopic atomic ensembles in the optical dipole
traps [figure 1(c)] also represent qubits if these are con-
trolled with Rydberg dipole blockade ensuring a single-
atom laser excitation [17, 30]. The advantage of these
ensembles is the reduced sensitivity to atom losses in the
trap [9] and enhanced coupling to light [17, 31]. Quan-
tum information is encoded in collective states of each
atomic ensemble. An atomic ensemble in the regime of
Rydberg blockade can be considered as a two-level sys-
tem with the coupling to the laser radiation enhanced
by a factor of N, with N being the number of atoms,
as shown in figure 1(d). However,the fluctuations of the
number of atoms in the ensemble due to random load-
ing of the optical dipole traps substantially reduce the
fidelity of quantum gates.
We proposed several schemes of quantum gates which
are based on adiabatic passage at Rydberg excitation to
overcome the influence of the fluctuations of number of
atoms on gate fidelity. Adiabatic excitation of a single
Rydberg atom in the atomic ensemble in regime of Ry-
dberg blockade can be used as an alternative technique
of single-atom loading of large atomic arrays without the
need for their spatial reconfiguration. We also consid-
ered adiabatic passage of Stark-tuned Fo¨rster resonances
for two Rydberg atoms. This allows building two-qubit
controlled-phase gates based on weak long-range Ryd-
berg interactions at large interatomic distances, in dis-
tinction with strong interactions and short distances re-
quired for dipole blockade.
Our approach is based on complex population and
phase dynamics of adiabatic passage in multilevel atomic
systems which can be of general interest for laser spec-
troscopy apart from applications for quantum informa-
tion. In the present work we review methods for co-
herently controlling Rydberg quantum states of atomic
ensembles using Adiabatic Rapid Passage (ARP) and
Stimulated Raman Adiabatic Passage (STIRAP). These
methods are commonly used for population inversion in
simple two-level and three-level systems. Several schemes
of two-qubit gates based on adiabatic passage have been
recently published [32].
The paper is organized as follows. In Section 2 we
review the theory of ARP and STIRAP in simple two-
level and three-level systems. In Section 3 we discuss
single-atom excitation in atomic ensembles in regime of
Rydberg blockade and its possible applications for single-
atom loading. In Section 4 we study phase dynamics
during double adiabatic sequence for ARP and STIRAP.
In Section 5 we discuss the schemes of quantum gates
with mesoscopic atomic ensembles. Section 6 is devoted
to the quantum gates based on adiabatic passage of the
Stark-tuned Fo¨rster resonances.
II. THEORY OF ADIABATIC PASSAGE IN
ATOMIC SYSTEMS
A. Adiabatic Rapid Passage
Adiabatic rapid passage is commonly used for laser ex-
citation of molecular levels because of the independence
of transition probability of the Rabi frequency [33–35].
Scheme of the two-level system interacting with laser ra-
diation with time dependent Rabi frequency Ω (t) and de-
tuning δ (t) is illustrated in figure 2(a). The Hamiltonian
for a two-level system with states |g〉 and |r〉, interacting
with a chirped laser pulse (laser frequency and intensity
change during the pulse), is written as
Hˆ (t) =
~
2
( −δ (t) Ω0 (t)
Ω0 (t) δ (t)
)
. (1)
Here Ω0 (t) is time-dependent Rabi frequency and δ (t) is
time-dependent detuning from the resonance. In the field
interaction representation the wavefunction is written as
ψ (t) = c1 (t) e
iωt/2|g〉+ c2 (t) e−iωt/2|r〉. (2)
Here c1 (t) and c2 (t) are probability amplitudes and ω
is laser frequency. We define the time-dependent basis
states to be |1 (t)〉 = eiωt/2|g〉 and |2 (t)〉 = e−iωt/2|r〉. In
this basis the wavefunction is rewritten as follows:
|ψ (t)〉 = c1 (t) |1 (t)〉+ c2 (t) |2 (t)〉. (3)
To diagonalize the Hamiltonian, we rotate the basis:( |I (t)〉
|II (t)〉
)
= T (t)
( |1 (t)〉
|2 (t)〉
)
. (4)
Here |I (t)〉 and |II (t)〉 are semiclassical dressed
states [36] and T (t) is time-dependent unitary rotation
matrix:
T (t) =
(
cos θ (t) − sin θ (t)
sin θ (t) cos θ (t)
)
. (5)
where θ (t) is a time-dependent mixing angle. The semi-
classical dressed states are the superpositions:
|I (t)〉 = cos θ (t) |1 (t)〉 − sin θ (t) |2 (t)〉
|II (t)〉 = sin θ (t) |1 (t)〉+ cos θ (t) |2 (t)〉 . (6)
To derive the equation for the probability amplitudes of
dressed states c˜, we substitute the definition c˜ = Tc into
3the Schro¨dinger equation for the probability amplitudes
i~c˙ = Hˆc. This results in
i~ ˙˜c = THˆT+c˜− i~TT˙+c˜. (7)
The matrix THˆT+ is diagonal if the mixing angle θ (t)
obeys the following conditions:
tg [2θ (t)] = Ω0 (t) /δ (t)
sin [θ (t)] =
√
1
2
(
1− δ(t)Ω(t)
)
cos [θ (t)] =
√
1
2
(
1 + δ(t)Ω(t)
) . (8)
Here Ω (t) =
√
Ω20 (t) + δ (t)
2
. This leads to:
Hˆd = THˆT
+ = ~2
( −Ω (t) 0
0 Ω (t)
)
TT˙+ = iσy θ˙
. (9)
In the adiabatic approximation, when
∣∣∣Ω˙0 (t)∣∣∣ /Ω2 (t) 
1 and
∣∣∣δ˙ (t)∣∣∣ /Ω2 (t) 1 we can neglect the term propor-
tional to θ˙. Then equation (7) is rewritten as i~ ˙˜c = Hˆdc˜.
Its solution is
c˜1 (t) = c˜1 (0) exp
[
−i
t∫
0
Ω (t) dt
]
c˜2 (t) = c˜2 (0) exp
[
i
t∫
0
Ω (t) dt
] . (10)
The time dependence of Rabi frequency Ω0 (t) and
detuning δ (t) is shown in figure 2(b) for Ω0 (t) =
Ω0 exp
(−t2/2w2) with Ω0/ (2pi) = 5 MHz, w = 1µs
and δ (t) = αt with α/(2pi) = −1 MHz/µs. The system
is initially in state |1 (t)〉. For initial positive detuning
δ (0) > 0 and Ω0 (0) = 0 we find Ω (0) = δ (0) and there-
fore θ (0) = 0. From Eq. (8) the initial dressed state is
|I (t)〉 and c˜1 (0) = 1. The time-dependent probability
amplitudes are
c1 (t) = c˜1 (t) cos θ (t)
c2 (t) = −c˜1 (t) sin θ (t) . (11)
After the end of the adiabatic passage at time T the de-
tuning is negative δ (T ) < 0 and Ω (T ) = −δ (T ). There-
fore the mixing angle θ (T ) = pi/2, and the system ends
in state |2 (t)〉 which corresponds to the excited state |g〉.
The time dependence of the population of the ground
state |g〉 Pg and of the excited state |r〉 Pr are shown in
figure 2(c). ARP clearly results in population inversion
in accordance with equation (11).
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FIG. 2. (Color online). (a) Two-level system interacting with
laser radiation during ARP; (b) Time dependence of Rabi
frequency Ω (t) and detuning δ (t) during ARP; (c) Time de-
pendence of the population of the ground state |g〉 Pg and of
the excited state |r〉 Pr during ARP; (d) Three-level system
interacting with laser radiation during STIRAP; (e) Time-
dependent Rabi frequencies ΩS and ΩP of the STIRAP pulses;
(f) Time dependencies of the populations Pg, Pe and Pr of the
states |g〉, |e〉 and |r〉, respectively.
B. Stimulated Raman Adiabatic Passage
STIRAP is a two-photon adiabatic transition in a
three-level system driven by a counterintuitive sequence
of laser pulses [37]. First, we consider a single atom with
three energy levels denoted |g〉, |e〉 and |r〉 as shown in
figure 2(d), where |g〉 is a ground state, |e〉 is an inter-
mediate excited state and |r〉 is a Rydberg state. The
states |g〉 and |e〉 are coupled by a laser field with Rabi
frequency ΩP (t) and detuning −δ and the states |e〉 and
|r〉 are coupled by a laser field with Rabi frequency ΩS (t)
and detuning +δ in such a way that both fields are tuned
to the exact two-photon resonance for |g〉 → |r〉 tran-
sition. The Hamiltonian for a three-level system with
states |g〉, |e〉 and |r〉 is written as [36, 37]
HˆSTIRAP (t) =
~
2
 0 ΩP (t) 0ΩP (t) 2δ ΩS (t)
0 ΩS (t) 0
 . (12)
The eigenvalues of the Hamiltonian are ωD = 0
and ωA,B = ±~2
√
δ2 + Ω2P (t) + Ω
2
S (t). The eigen-
4value ωD = 0 corresponds to the dark state
|D〉 = cos θ (t) |g〉 − sin θ (t) |r〉, where θ (t) is a mix-
ing angle and tan θ (t) = ΩP (t) /ΩS (t). We find
cos θ (t) = ΩS (t)
/√
Ω2S (t) + Ω
2
P (t) and sin θ (t) =
ΩP (t)
/√
Ω2S (t) + Ω
2
P (t).
We consider the evolution of the probability ampli-
tudes of the quantum states |g〉, |e〉 and |r〉 during the
time interval (−T, T ) with T = 5µs when the counter-
intuitive sequence of laser pulses is applied [37]. The
time-dependent Rabi frequencies of the STIRAP pulses,
shown in figure 2(e), are expressed as
ΩS (t) = ΩS0 exp
[
(t− t1)2 /2w2
]
(13)
ΩP (t) = ΩP0 exp
[
(t− t2)2 /2w2
]
.
with t1 = −1µs, t2 = 1µs, w = 1µs, ΩP0/ (2pi) =
ΩS0/ (2pi) = 10 MHz and δ/ (2pi) = 10 MHz.
The time dependencies of the populations Pg, Pe and
Pr of the states |g〉, |e〉 and |r〉, respectively, are shown in
figure 2(f). Initially, cos θ (t = −T ) = 1, sin θ (t = −T ) =
0 and the state |g〉 is a dark state. During the adiabatic
passage the atom remains in the dark state |D〉. After
the end of the pulse sequence cos θ (t = −T ) = 0 and
sin θ (t = −T ) = 1, and the atom is transferred to the
state |r〉.
III. DETERMINISTIC SINGLE-ATOM
EXCITATION
In the regime of Rydberg blockade only one atom in the
mesoscopic ensemble can be excited into Rydberg state
due to the shift of the collective energy levels, induced by
Rydberg interactions. Only symmetric collective states
can be excited. Therefore, such an ensemble can be con-
sidered as a two-level system with two collective states
|0¯〉 and |r¯〉 :
|0¯〉 = |000...000〉, (14)
|r¯〉 = 1√
N
N∑
j=1
|000...rj ...000〉.
The second state is a symmetric superposition of all pos-
sible states when jth atom is excited into Rydberg state.
The coupling for these collective states is
√
N enhanced,
compared to a single-atom case. Therefore, when the
number N of trapped atoms is random and unknown,
coherent population inversion by a single pi laser pulse be-
comes impossible. We have proposed to use ARP or STI-
RAP to deterministically excite a single Rydberg atom
in the mesoscopic atomic ensemble in the regime of Ry-
dberg blockade [38].
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FIG. 3. (Color online). Calculated time dependence of the
probability of single-atom Rydberg excitation for N = 1 − 3
atoms (top to bottom). (a) ARP with the chirp rate is
α/ (2pi) = 1 MHz/µs and Rabi frequency is Ω1/ (2pi) =
2 MHz; (b) STIRAP with ΩP0/(2pi) = 30 MHz, ΩS0/(2pi) =
40 MHz, δ/(2pi) = 0; (c) STIRAP with ΩP0/(2pi) = 30 MHz,
ΩS0/(2pi) = 40 MHz, δ/(2pi) = 200 MHz.
We have numerically calculated the probability of
single-atom Rydberg excitation in the mesoscopic en-
sembles with N < 10 atoms in the regime of Rydberg
blockade for a linearly-chirped Gaussian laser pulse and
STIRAP sequence. Calculations were performed using
the Schro¨dinger equation, neglecting spontaneous emis-
sion, and assuming perfect blockade so only states with
at most a single Rydberg excitation were included. We
considered ARP by a single laser pulse with Ω0 (t) =
Ω0 exp
(−t2/2w2) for Ω0/ (2pi) = 2 MHz, w = 1µs and
δ (t) = αt with α/(2pi) = −1 MHz/µs. The time de-
pendence of the probability Pr of single-atom Rydberg
excitation for ARP is illustrated in panel (a) of figure 3
for N=1,2 and 3 atoms. The probability of single-atom
excitation for ARP was found to be independent of the
number of atoms.
We have found that for STIRAP the population dy-
namics is more complex. The STIRAP sequence used
Gaussian pulses described by equation (13) with t1 =
−1µs, t2 = 1µs, w = 1µs, ΩP0/ (2pi) = 40 MHz and
ΩS0/ (2pi) = 30 MHz. If δ/ (2pi) = 0, STIRAP results in
population inversion in a single-atom system, as the sys-
tem remains in the dark state, described in Section 2.2.
However, for two atoms in the regime of Rydberg block-
ade inital collective state |0¯〉 is not a dark state any-
more. The population transfer between ground and ex-
cited collective state becomes impossible, as clearly seen
in panel (b) of figure 3.
The two-photon STIRAP becomes identical to ARP, if
the detuning from the intermediate excited state is sub-
stantially large to eliminate the intermediate state from
the equations. The time-dependent light shifts in a three-
5level system play the role of the time-dependent detun-
ing in a two-level system. The numerically calculated
time dependencies of the population of collective state |r¯〉
during STIRAP with δ/ (2pi) = 200 MHz are shown in
panel (c) of figure 3. The probability of single-atom Ry-
dberg excitation is independent of the number of atoms
in the ensemble.
The properties of STIRAP for blockaded ensemble can
be partly explained by analysis of the simplest two-atom
example [39]. The Hamiltonian for two three-level atoms
in the regime of Rydberg blockade is written for eight
collective states |gg〉, |ge〉, |gr〉, |eg〉, |ee〉, |er〉, |rg〉, |re〉
of a quasimolecule, consisting of two interacting atoms.
We take into account the effect of Rydberg blockade by
removing the collective state |rr〉 with double Rydberg
excitation from the Hamiltonian [40]:
Hˆ2STIRAP (t) =
~
2

0 ΩP (t) 0 ΩP (t) 0 0 0 0
ΩP (t) 2δ (t) ΩS (t) 0 ΩP (t) 0 0 0
0 ΩS (t) 0 0 0 ΩP (t) 0 0
ΩP (t) 0 0 2δ (t) ΩP (t) 0 ΩS (t) 0
0 ΩP (t) 0 ΩP (t) 4δ (t) ΩS (t) 0 ΩS (t)
0 0 ΩP (t) 0 ΩS (t) 2δ (t) 0 0
0 0 0 ΩS (t) 0 0 0 ΩP (t)
0 0 0 0 ΩS (t) 0 ΩP (t) 2δ (t)

. (15)
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FIG. 4. (Color online). (a)-(d) Time sequence of STIRAP
pulses; (e)-(h) Eigenvalues of the two-atom Hamiltonian for
different detunings from the intermediate state δ/2pi = 0,
δ/2pi = 4 MHz, δ/2pi = 5MHz, and δ/2pi = 10 MHz, re-
spectively; (i)-(m) Time dependencies of the probability Pgg,
and the probability to excite a single Rydberg atom P1 for
different detunings from the intermediate state δ/2pi = 0,
δ/2pi = 4 MHz, δ/2pi = 5 MHz, and δ/2pi = 10 MHz, respec-
tively.
We calculated the eigenvalues for the Hamiltonian with
the Rabi frequencies of equation (13) [figures 4(a)-(d)] for
four different constant detunings from the intermediate
state δ/ (2pi) = 0, δ/ (2pi) = 4 MHz, δ/ (2pi) = 5 MHz,
δ/ (2pi) = 10 MHz, shown in figures 4(e)-(h), respectively.
The calculated time dependences of the probability Pgg
of the collective ground state |gg〉 and of the probability
P1 of the collective state with single Rydberg excitation
1√
2
(|gr〉+ |rg〉) are shown in figures 4(i)-(m). At zero de-
tuning from the intermediate state there is a dark state
with zero eigenvalue, as shown in figure 4(e) [40]. STI-
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FIG. 5. (Color online). (a) The scheme of single-atom loading
using deterministic single-atom Rydberg excitation; (b) The
Poissonian statistics of loading of optical dipole trap witn the
average number of atoms N¯ = 5; (c) The fidelity of single-
atom excitation for a single-photon pi rotation with the area
optimized for N = 5 atoms compared to STIRAP or ARP
pulses.
RAP does not provide a Rydberg excitation after the
end of the pulse sequence in this particular case [40].
On contrary, for non-zero detuning from the interme-
diate state there is no dark state with zero eigenvalue,
as shown in figures 4(f)-(h). The switching between the
regimes of single-atom Rydberg excitation occurs around
δ/ (2pi) = 5 MHz, as shown in figures 4(k) and 4(l). For
δ/ (2pi) = 10 MHz STIRAP results in the deterministic
single-atom Rydberg excitation (independent of N ) after
the end of the adiabatic passage, as shown in figure 4(m).
This technique of single-atom excitation can be used
for deterministic single-atom loading, proposed in [31],
when one of the atoms is deterministically transfered be-
tween the hyperfine sublevels of the ground state through
temporarily Rydberg excitation in the blockade regime,
while all atoms remained at the inititally populated hy-
perfine sublevel are removed from the optical dipole trap
by an additional laser pulse, as shown in figure 5(a). A
similar problem has been recently addressed in [41].
The probability of loading N noninteracting atoms in
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FIG. 6. (Color online). (a) Shapes of the optimized STIRAP
pulses [42]; (b) Comparison of the error 1− P1 of population
transfer for Gaussian and optimized STIRAP sequence.
a small optical or magnetic trap is described, in gen-
eral, by Poissonian statistics. For N¯ = 5 the probability
to load zero atoms is 0.0067, as shown in figure 5(b),
which is small enough to create a large quantum regis-
ter with a small number of defects. Figure 5(c) shows
a comparison of the fidelity of single-atom excitation for
a single-photon pi rotation with the area optimized for
N = 5 atoms compared to STIRAP or ARP pulses. We
see that the adiabatic pulses reduce the population error
by up to several orders of magnitude for a wide range of
N .
The fidelity of STIRAP with Gaussian pulses is worse
than the fidelity of ARP. Commonly used STIRAP tech-
niques with Gaussian pulses usually provide the infidelity
larger than 10-4 even in theory. The fidelity of the pop-
ulation transfer can be improved by optimization of the
shapes of STIRAP pulses, as proposed in Ref. [42].
ΩP (t) = ΩV F (t− t0) cos
[pi
2
f (t− t0)
]
(16)
ΩS (t) = ΩV F (t− t0) sin
[pi
2
f (t− t0)
]
.
Here F (t) = exp
[
− (t/T0)2n
]
and f (t) =
[1 + exp (−λt/τ)]−1 . Following Ref. [42], we have cho-
sen T0 = 2τ , n = 3, and λ = 4. In our calculations the
Rabi frequency for both pulses is ΩV / (2pi) = 50 MHz,
detuning from the intermediate state is δ/ (2pi) = 200
MHz, and T0 = 2 µs is the time parameter for a
hypergaussian function F (t) which determines the pulse
duration. The positions of the pulses are defined by
t0 = 4µs. The shapes of the STIRAP pulses are shown
in figure 6(a).
We have compared the fidelity of population inversion
of the optimized STIRAP scheme with the conventional
Gaussian pulses from equation (13) with ΩP0 = ΩS0 =
ΩV , t1 = −1 µs, t2 = 1 µs and w = 1 µs.
Comparison of the numerically calculated fidelity of
single-atom Rydberg excitation in the atomic ensem-
ble consisting of N atoms for Gaussian and optimized
pulses is shown in figure 6(b). We have solved a
Schro¨dinger equation for the probability amplitudes in
a quasimolecule which consists of N three-level atoms,
interacting with two laser fields. The perfect Rydberg
blockade was considered in the simulations by remov-
ing all quasimolecular states with more than one Ryd-
berg excitation. The finite lifetimes of intermediate and
Rydberg states have not been taken into account (this
assumes short interaction times compared to lifetimes).
The optimized pulse shapes allow substantial reduction
of the infidelity of single-atom Rydberg excitation, which
is kept below 10-5 for almost all cases, as shown in fig-
ure 6(b).
IV. PHASE ACCUMULATION DURING
DOUBLE ADIABATIC SEQUENCES
A. Adiabatic Rapid Passage
Population transfer by adiabatic passage in two-level
and three-level systems has been extensively studied for
years. However, the phase accumulation during adiabatic
passage was much less discussed. In our previous works
we have shown that the phases of the collective atomic
states can be efficiently controlled by double adiabatic
sequences which return the atomic system to the initial
state. The simplest example of phase accumulation af-
ter double adiabatic passage is a sequence of two linearly
chirped Gaussian pulses, illustrated in figure 7. The dou-
ble adiabatic sequence starts at t=0. The time depen-
dence of Rabi frequency Ω0 (t) and detuning δ (t) is illus-
trated in Fig. 7(a). The system is initially in state |1 (t)〉.
For initial positive detuning δ (0) > 0 and Ω0 (0) = 0 we
find Ω (0) = δ (0) and therefore the initial mixing angle
θ (0) = 0. From equation (6) the initial dressed state is
|I (t)〉 and c˜1 (0) = 1. The time-dependent probability
amplitudes are described by the equation (11).
After the end of the first adiabatic passage at time
T the detuning is negative δ (T ) < 0 and Ω (T ) =
−δ (T ). Therefore the mixing angle θ (T ) = pi/2, and
the system ends in state |2 (t)〉 with c2 (T ) = −c˜1 (T ) =
− exp
[
−i ∫ T
0
Ω (t) dt
]
= − exp [−iS]. Here S is a gener-
alized pulse area.
We denote the mixing angle and the probability ampli-
tudes for the second adiabatic passage as θ′, c′1 (t), c
′
2 (t),
c˜′1 (t), c˜
′
2 (t). At the beginning of the second adiabatic
passage the detuning is positive δ (T ) > 0 and θ′ (T ) = 0.
At time t = T the system is in state |2 (t)〉. From equa-
tion (6) the dressed state is now |II (t)〉. The probability
amplitude c2 (t) of state |2 (t)〉 is constant around t = T
due to the absence of interaction with the laser field.
Therefore, the initial probability amplitude of dressed
state |II (t)〉 is c˜′2 (T ) = c2 (T ) = −c˜1 (T ). During the
second adiabatic passage the time-dependent probability
amplitudes are expressed similarly to equation (11):
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FIG. 7. (Color online). Scheme of deterministic phase ac-
cumulation during a double adiabatic passage in a two-level
quantum system. The phase shift is pi for the left-hand panel
and zero for the right-hand panel. The dynamics of probabil-
ity amplitudes c1 (t),c2 (t), c
′
1 (t), c
′
2 (t) of states |1 (t) , 2 (t)〉
and of probability amplitudes c˜1 (t), c˜2 (t), c˜′1 (t), c˜′2 (t) of
semiclassical dresses states |I (t) , II (t)〉 is shown schemati-
cally. (a), (b) Time dependences of Rabi frequency Ω (t) and
of detuning δ (t); (c), (d) Numerically calculated time depen-
dences of the population of initial state |1 (t)〉 compared with
the calculations in the adiabatic approximation. (e), (f) Nu-
merically calculated time dependencies of the phase of initial
state |1 (t)〉 compared with calculations in the adiabatic ap-
proximation.
c′1 (t) = c˜
′
2 (t) sin θ
′ (t)
c′2 (t) = c˜
′
2 (t) cos θ
′ (t) . (17)
From equation (10) the probability amplitude of dressed
state |II (t)〉 is c˜′2 (t) = c˜′2 (T ) exp
[
−i ∫ t
T
Ω (t) dt
]
. After
the end of the second adiabatic passage the mixing angle
is θ′ (2T ) = pi/2 and the system ends in state |1 (t)〉 with
probability amplitude
c′1 (2T ) = c˜
′
2 (2T ) = (18)
= − exp
i 2T∫
T
Ω (t) dt
 exp
−i T∫
0
Ω (t) dt
 .
For two identical laser pulses we find c′1 (2T ) = −1. This
corresponds to a pi phase shift which can be used for
implementation of a CZ gate [43]
This pi phase shift can be compensated if the sec-
ond laser pulse has the opposite sign of Rabi frequency
Ω0 → −Ω0 (which is equivalent to a pi phase shift of the
laser pulse), as shown in Fig. 7(b). To diagonalize the
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FIG. 8. (Color online). (left-hand panel) Double STIRAP
with detuning from the intermediate state δ/2pi = 10 MHz;
(right-hand panel) Double STIRAP with detuning from the
intermediate state δ/2pi = 10 MHz× sgn (t); (a), (b) Time se-
quence of double STIRAP pulses; (c), (d) Time dependencies
of the eigenvalue of the two-atom Hamiltonian which corre-
sponds to the eigenstate when the two-atom system is initially
in state |gg〉; (e),(f) Comparison of the numerically calculated
time dependence of the phase of the state |gg〉 (solid line) with
the adiabatic approximation (dashed line); (g),(h) Time de-
pendencies of the population of the ground state |gg〉.
Hamiltonian for the second adiabatic passage, we modify
the equation (8):
tg [2θ (t)] = −Ω0 (t) /δ (t)
sin [θ (t)] = −
√
1
2
(
1− δ(t)Ω(t)
)
cos [θ (t)] =
√
1
2
(
1 + δ(t)Ω(t)
) . (19)
In this case after the end of the second adiabatic passage
θ′ (2T ) = −pi/2 and c′1 (2T ) = 1.
B. STIRAP
Now we consider the dynamical phase accumulation
during STIRAP in an ensemble of two strongly interact-
ing atoms.
Due to the absence of the dark state, the dynamical
phase is accumulated during adiabatic passage. This
is undesirable for quantum information with mesoscopic
atomic ensembles due to the dependence of the phase on
the number of interacting atoms [44]. In our previous
works [38, 44–46] we have found that a double STIRAP
sequence with the switched sign of the detuning from the
intermediate state between two STIRAP sequences can
be used to suppress the dynamical phase accumulation.
To explain this, we consider a double STIRAP se-
quence during the time interval (−T, T ) with T = 10µs.
8The shapes of laser pulses, shown in figures 8(a), (b), are
described as
ΩS (t) = ΩS0 exp
[
(t− t1)2
2w2
]
+ ΩS0 exp
[
(t+ t1)
2
2w2
]
ΩP (t) = ΩP0 exp
[
(t− t2)2
2w2
]
+ ΩP0 exp
[
(t+ t2)
2
2w2
]
(20)
with ΩP0/(2pi) = ΩS0/(2pi) = 10 MHz, t1 = 4µs,
t2 = 6µs, and constant detuning δ/(2pi) = 10 MHz (left-
hand panel of figure 8) and δ/(2pi) = 10 × sgn (t) MHz
(right-hand panel of figure 8). The calculated time-
dependent eigenvalue E (t) / (2pi~) of the Hamiltonian
from equation 15, which corresponds to the initial state
|g〉, is shown in figure 8(c) for constant detuning δ/(2pi) =
10 MHz and in figure 8(d) for δ/(2pi) = 10 MHz× sgn(t).
Figures 8(e) and 8(f) show comparison of the numer-
ically calculated phase of the ground state |g〉 with
Arg
[
exp
[
− i~
∫ t
−T E (t
′) dt′
]]
. Good agreement is ob-
served when the ground-state population, shown in fig-
ures 8(g) and 8(h), respectively, is non-zero. The total
area in figure 8(d)
∫ T
−T E (t
′) dt′ = 0. This explains the
compensation of the dynamical phase by switching the
sign of the detuning during STIRAP in the regime of
Rydberg blockade.
Similar time dependence of the phase of the ground
state was observed in our calculations for mesoscopic en-
sembles with arbitrary number of atoms. The STIRAP
sequence used Gaussian pulses described by equation (13)
with t1 = −1µs, t2 = 1µs, w = 1µs, ΩP0/ (2pi) =
40 MHz, ΩS0/ (2pi) = 30 MHz and detuning from the
intermediate state δ/ (2pi) = 200 MHz. The single ARP
pulse used Ω0(t) = Ω0e
−t2/2w2 with Ω0/2pi = 2 MHz,
w = 1 µs, and linear chirp 1 MHz/µs [38]. The phase
accumulation of the atomic wavefunction can be com-
pensated by switching the sign of the detuning between
two STIRAP pulses, or by switching the phase between
two ARP pulses, as shown in figure 9(a). For a double
STIRAP sequence with the same detuning throughout
the accumulated phase depends on N [figure 9(c)], while
the phase change is zero, independent of N , when we
switch the sign of detuning δ between the two STIRAP
sequences [figure 9(d)]. A similar phase cancellation oc-
curs for pi phase shifted ARP pulses [figure 9(e)], which
can be implemented using an acousto-optic modulator.
V. QUANTUM GATES BASED ON ADIABATIC
PASSAGE IN MESOSCOPIC ENSEMBLES
The double STIRAP and ARP sequences can be used
for implementation of single-qubit and two-qubit gates
with mesoscopic atomic ensembles used as qubits. A
qubit can be encoded in an N atom ensemble with the
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FIG. 9. (Color online). The calculated time dependence of the
phase of the collective ground state amplitude for N = 1, 2, 7
atoms (top to bottom) for double STIRAP sequence (a) with
δ/2pi = 200 MHz, (b) with δ/2pi = 200 MHz × sgn (t),
and (b) for a double ARP pulse sequence with phase in-
version. The STIRAP sequence used Gaussian pulses de-
scribed by equation 13 with t1 = −1µs, t2 = 1µs, w = 1µs
ΩP0/ (2pi) = 40 MHz, ΩS0/ (2pi) = 30 MHz and detuning
from the intermediate state δ/ (2pi) = 200 MHz. The single
ARP pulse used Ω0(t) = Ω0e
−t2/2w2 with Ω0/2pi = 2 MHz,
w = 1 µs, and linear chirp rate α/(2pi) = 1 MHz/µs.
logical states [17]
|0¯〉 = |000...000〉, (21)
|1¯〉′ = 1√
N
N∑
j=1
|000...1j ...000〉.
Levels |0〉, |1〉 are atomic hyperfine ground states. Cou-
pling between these states is mediated by the singly ex-
cited Rydberg state
|r¯〉′ = 1√
N
N∑
j=1
|000...rj ...000〉. (22)
Rydberg blockade only allows single excitation of |r〉 so
the states |0¯〉 and |r¯〉′ experience a collectively enhanced
coupling rate ΩN =
√
NΩ. States |r¯〉′ and |1¯〉′ are cou-
pled at the single atom rate Ω. State |1¯〉′ is produced
by the sequential application of pi pulses |0¯〉 → |r¯〉′ and
|r¯〉′ → |1¯〉′. However, adiabatic passage cannot be used
for arbitrary rotations of the quantum states on the Bloch
sphere. Therefore more complex schemes of quantum
gates are required.
Our proposal is shown in figure 10(a)-(c), where we use
two hyperfine sublevels of the ground state of alkali-metal
atom |0〉, |1〉 for storage of quantum information and two
|r0〉, |r1〉 auxiliary Rydberg states coupled by the mi-
crowave radiation for coherent rotation of the ensemble
qubit on arbitrary angles after Rydberg excitation.
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FIG. 10. (Color online). Schemes of the quantum gates based
on phase-preserving adiabatic passage: (a) single-qubit ro-
tation with a mesoscopic atomic ensemble; (b) CNOT gate
with two mesoscopic atomic ensembles used as qubits; (c) CZ
gate with two atoms using adiabatic passage of Stark-tuned
Fo¨rster resonance; (d) ) CNOT gate with two atoms using
adiabatic passage of Stark-tuned Fo¨rster resonance.
Single-qubit gates
We define the ensemble states as:
|0¯〉 = |000...000〉 (23)
|1¯〉′ = 1√
N
N∑
j=1
|000...1j ...000〉
|r¯0〉′ = 1√
N
N∑
j=1
|000...(r0)j ...000〉
|r¯1〉′ = 1√
N
N∑
j=1
|000...(r1)j ...000〉.
The basic idea of our gate, shown in figure 10(a) is to
transfer of the population of the initially excited Ryd-
berg state |r0〉 to an auxiliary Rydberg level |r1〉, which
can be done by coherent Rabi pulse, creating the super-
position of two collective states, each of them having a
single Rydberg excitation. Due to Rydberg blockade the
second STIRAP pulse will transfer the collective state
|r¯0〉′ back to the state |0¯〉 while the state |r¯1〉′ will re-
main unchanged due to the presence of a single Rydberg
excitation in the state |r1〉 which blocks the transition
|0〉 → |r0〉. After the end of the second STIRAP se-
quence the state |r1〉 is transfered to the state |1〉 by a
single pi pulse.
Pulse areas independent of N on the |0〉 ↔ |r0〉′ tran-
sition can be implemented with STIRAP or ARP as de-
scribed above. We will define the logical basis states as
|0¯〉 = |000...000〉, |1¯〉 = eıχN |1¯〉′, and |r¯〉 = eıχN |r¯〉′. Here
χN is the phase produced by a single N -atom STIRAP
pulse with positive detuning. We assume that we do
not know the value of N , which may vary from qubit
to qubit, and therefore χN is also unknown, but has a
definite value for fixed N . The logical states are |0¯〉 and
|1¯〉 = eıχN |1¯〉′. The auxiliary Rydberg states are defined
as
|r¯0〉 = eıχN |r¯0〉′ (24)
|r¯1〉 = eıχN |r¯1〉′.
Starting with a qubit state |ψ〉 = a|0¯〉+b|1¯〉 we perform a
sequence of pulses 1-5, shown in figure 10(a), giving the
sequence of states
|ψ1〉 = a|0¯〉+ ib|r¯1〉
|ψ2〉 = a|r¯0〉+ ib|r¯1〉
|ψ3〉 = a′|r¯0〉 − ib′|r¯1〉 (25)
|ψ4〉 = a′|0¯〉 − ib′|r¯1〉
|ψ5〉 = a′|0¯〉+ b′|1¯〉.
The final state |ψ〉 = a′|0¯〉 + b′|1¯〉 is arbitrary and is
selected by the rotation R(θ, φ), in step 3:
(
a′
−b′
)
=
R(θ, φ)
(
a
b
)
CNOT: The proposed scheme is an extension of the
experiment [18] and modification of our previous pro-
posal [44]. Starting with an arbitrary two-qubit state
|ψ〉 = a|0¯0¯〉 + b|0¯1¯〉 + c|1¯0¯〉 + d|1¯1¯〉 we generate the se-
quence of states
|ψ1〉 = a|0¯0¯〉+ b|0¯1¯〉+ ic|r¯00¯〉+ id|r¯01¯〉
|ψ2〉 = a|0¯0¯〉+ ib|0¯r¯1〉+ ic|r¯00¯〉+ id|r¯01¯〉
|ψ3〉 = a|0¯r¯0〉+ ib|0¯r¯1〉+ ic|r¯00¯〉+ id|r¯01¯〉
|ψ4〉 = ia|0¯r¯1〉 − b|0¯r¯0〉 − c|r¯10¯〉 − d|r¯11¯〉 (26)
|ψ5〉 = ia|0¯r¯1〉 − b|0¯0¯〉 − c|r¯10¯〉 − d|r¯11¯〉
|ψ6〉 = −a|0¯1¯〉 − b|0¯0¯〉 − c|r¯10¯〉 − d|r¯11¯〉
|ψ7〉 = −a|0¯1¯〉 − b|0¯0¯〉 − ic|1¯0¯〉 − id|1¯1¯〉.
The gate matrix is therefore
UCNOT =
 0 −1 0 0−1 0 0 00 0 −i 0
0 0 0 −i
 . (27)
which can be converted into a standard CNOT gate with
a single qubit rotation.
Controlled phase gate
The controlled phase gate is implemented in the way
similar to CNOT with replacement of the amplitude-
swap sequence by controlled 2pi rotation of the target
qubit which could be switched on and off by excitation
of the control qubit into the Rydberg state.
We find that arbitrary single qubit rotations in the
basis |0¯〉, |1¯〉 can be performed with high fidelity, with-
out precise knowledge of N , by accessing several Ryd-
berg levels |r0〉, |r1〉 as shown in figure 10(a). Depending
on the choice of implementation, to be discussed below,
this may be given by a one- or two-photon microwave
pulse, with Rabi frequency Ω3. Provided states |r0〉, |r1〉
are strongly interacting, and limit the number of excita-
tions in the ensemble to one, the indicated sequence is
obtained.
The five pulse sequence we describe here is more com-
plicated than the three pulses needed for an arbitrary
single qubit gate in the approach of Ref. [17]. The rea-
son for this added complexity is that the special phase
preserving property of the double STIRAP or ARP se-
quences requires that all population is initially in one
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of the states connected by the pulses. The sequence of
pulses in figure 10(a) ensures that this condition is always
satisfied.
All pulses except number 4 in the CNOT sequence are
optical and are localized to either the control or target
qubit. Pulse 4 is a microwave field and drives a pi ro-
tation on both qubits. As for the single qubit gate the
requirement for high fidelity operation is that the inter-
actions |r0〉 ↔ |r0〉, |r1〉 ↔ |r1〉, |r0〉 ↔ |r1〉 all lead to full
blockade of the ensembles. Since the frequency of pulse
4, which is determined by the energy separation of states
|r0〉, |r1〉, can be chosen to be very different from the
qubit frequency given by the energy separation of states
|0〉, |1〉 the application of microwave pulses will not lead
to crosstalk in an array of ensemble qubits.
VI. ADIABATIC PASSAGE ACROSS
STARK-TUNED FO¨RSTER RESONANCE
A. Scheme of two-qubit gates
Another than Rydberg blockade approach to build a
two-qubit gate is based on controlled phase shifts of col-
lective states of two qubits due to interaction between
Rydberg atoms [47]. The interaction strength should be
adjusted to provide a certain phase shift (for example pi),
during the interaction time.
When two atoms are excited into Rydberg states |r0〉
and |r1〉, which can be either different or identical, the
dipole-dipole interaction may result to transitions to
neighboring states |r2〉 and |r3〉, as shown in figure 11(a).
This energy exchange between interacting atoms is an
analog of the Fo¨rster resonant energy transfer.
The detuning from the Fo¨rster resonance ~∆ =
U(|r2r3〉) − U(|r0r1〉) is a difference between the ener-
gies of the final |r2r3〉 and initial |r0r1〉 collective states
of the two-atom system. Due to the difference in the po-
larizabilities of initial and final states, in some cases it
is possible to tune the Fo¨rster energy defect in external
electric field (Stark tuned Fo¨rster resonance) [48].
Stark-tuned Fo¨rster resonances for two Rydberg atoms
were first reported in Ref. [49]. The rf-assisted ”inacces-
sible” Stark-tuned Fo¨rster resonances have been demon-
strated in Ref. [50].
If two Rydberg atoms are frozen in space, dipole-dipole
interaction at a Fo¨rster resonance induces the Rabi-like
coherent population oscillations between collective states
of these atoms [51]. Such oscillations have been demon-
strated recently for two Rb Rydberg atoms in two optical
dipole traps [52]. The frequency of these collective oscil-
lations is sensitive to variations of the interaction energy
due to fluctuations of the spatial uncertainty of the atoms
within the optical dipole traps. For example, a 10% varia-
tion of the distance between the trapped atoms results in
a 25% variation of the interaction energy due to the 1/R3
(a) R (b)
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FIG. 11. (Color online). (a) Scheme of the Fo¨rster resonant
energy transfer between two Rydberg atoms; (b) Energy de-
fect of the Fo¨rster resonance is the difference between the
energies of the final and initial collective states of two inter-
acting atoms.
dependence of the energy of dipole-dipole interaction on
distance R between the atoms. This can substantially
increase the phase gate error. We propose to overcome
this difficulty by using a double adiabatic rapid passage
across Stark-tuned Fo¨rster resonances with a determin-
istic phase accumulation. This technique is similar to
Stark-chirped rapid adiabatic passage, which is based on
a laser-induced Stark shift [53, 54]. Landau-Zener con-
trol of the Stark-tuned Fo¨rster resonances can be used
for implementation of two-qubit gates [55].
A scheme of controlled-Z gate is shown in Fig. 12(a).
Two optical dipole traps with one atom in each trap are
located at a distance R between them. The two atoms are
simultaneously excited to Rydberg state |r〉 by a pi laser
pulse labeled as 1. The distance between the traps must
be sufficiently large to avoid the effect of Rydberg block-
ade [17]. A time-dependent external electric field shifts
the collective energy levels so that the Fo¨rster resonance
|r0r1〉 → |r2r3〉 is passed adiabatically two times. This
results in a deterministic phase shift of state |rr〉. After
the end of adiabatic passage the atoms are de-excited to
ground state by a 3pi laser pulse labeled as 2.
The phase shift due to Rydberg-Rydberg interaction
is accumulated only in the case when both atoms are
initially prepared in state |1〉 and then excited to Rydberg
states |r0〉 and |r1〉 . If one of the atoms (or both of them)
is initially in the state |0〉, no phase shift occurs.
B. Adiabatic Rapid Passage with nonlinear
detuning
The energy of dipole-dipole interaction of two Rydberg
atoms is determined by the interatomic distance and can-
not be changed on short timescales. Therefore we need
to consider the adiabatic rapid passage with constant
Rabi frequency. To achieve high fidelity of the popu-
lation transfer, we use a nonlinear time dependence of
the detuning from the resonance:
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FIG. 12. (Color online). (a) Scheme of a CZ gate using double
adiabatic rapid passage across Stark-tuned Fo¨rster resonance.
Two atoms are excited to Rydberg states. An external electric
field shifts the energy levels of the Rydberg atoms so that the
Fo¨rster resonance is passed adiabatically two times. Then
the atoms are de-excited to ground state. The phase shift
is deterministically accumulated if both atoms are initially
prepared in state |1〉; (b) Scheme of a CNOT gate. Two
additional pi/2 pulses rotate the target qubit around the y
axis in the opposite directions.
δj (t) = s1 (t− tj) + s2 (t− tj)3 . (28)
The detuning is slowly varied across the resonance and is
rapidly increased before and after the resonance. Fig-
ure 13 illustrates the difference between the conven-
tional scheme of adiabatic rapid passage, which uses
chirped Gaussian pulses with linear time dependence of
detuning (left-hand panel), and the scheme of adiabatic
rapid passage with constant Rabi frequency and non-
linear time dependence of detuning (right-hand panel).
The parameters of the pulses for the left panel of fig-
ure 13 are Ω0/2pi = 10 MHz, w = 0.12 µs, and
δj (t) = s1 (t− tj) with s1 = −100 MHz/µs. The pa-
rameters of the pulses for the right-hand panel of fig-
ure 13 are Ω0/2pi = 2.1 MHz, s1/2pi = −10 MHz/µs,
and s2/2pi = −2000 MHz/µs3. The centers of the pulses
are located at times t1 = 0.5 µs and t2 = 1.5 µs. The
population error for the final state of the system is found
to be below 4 × 10−5 in both cases. The phase shift is
equal to pi in both cases.
C. Stark-tuned adiabatic rapid passage
Stark-tuned Fo¨rster resonance required for the imple-
mentation of the proposed scheme must meet the follow-
ing criteria: (i) the lifetimes of Rydberg states must be
sufficiently long to avoid the decay of coherence during
the gate operation due to spontaneous and BBR-induced
transitions; (ii) initial Fo¨rster energy defect must be suffi-
ciently large to allow for rapid turning off the interaction
between atoms at the beginning and the end of the adi-
abatic passage; (iii) selected interaction channel must be
well isolated from the other channels to avoid break-up
or dephasing of the adiabatic population transfer.
In our previous work [56] we have studied the structure
of the Fo¨rster resonances |nS, n′S〉 → |nP, (n′ − 1)P 〉
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FIG. 13. (Color online) Comparison between the schemes of
double adiabatic rapid passage with linearly chirped Gaussian
pulses (left-hand panel), and with constant Rabi frequency
and nonlinear time dependence of detuning from the reso-
nance (right-hand panel). (a),(b) Time dependence of Rabi
frequency Ω0 (t); (c),(d) Time dependence of detuning from
the resonance δ (t); (e),(f) Time dependence of the population
of state |1〉; (g),(h) Time dependence of the phase of state |1〉.
in Rb and Cs Rydberg atoms. We have selected the
|70S1/2, 73S1/2〉 → |70P1/2, 72P1/2〉 Stark-tuned Fo¨rster
resonance in Rb for the further numerical simulations.
This resonance has the energy defect ∆/(2pi) = 152 MHz
in a zero electric field. In contrast to the resonances
involving |nP3/2〉 states, this resonance has no Stark
splitting in the electric field. The Stark diagram for
Rb Rydberg states with |mj | = 1/2 is shown in fig-
ure 14(a). The dc electric field is aligned along the z
axis. The exact Fo¨rster resonance occurs in the electric
field E = 0.222 V/cm, as shown in figure 14(b).
The time dependence of the electric field required
to form the nonlinearly shaped detuning δj (t) =
s1 (t− tj) + s2 (t− tj)5 of the |70S1/2, 73S1/2〉 →
|70P1/2, 72P1/2〉 Fo¨rster resonance with s1/2pi =
22.6 MHz/µs and s2/2pi = 28800 MHz/µs
5, t1 = −0.3µs
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FIG. 14. (Color online) (a) Stark diagram for Rb Rydberg
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two-atom states |70S, 73S〉 and |70P, 72P 〉 in Rb. The Fo¨rster
resonance occurs in the electric field E = 0.222 V/cm.
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FIG. 15. (Color online) Time dependence of the electric
field required for double adiabatic passage of the Stark-tuned
Fo¨rster resonance |70S1/2, 73S1/2〉 → |70P1/2, 72P1/2〉 in Rb
Rydberg atoms; (b) Time dependence of population of the
collective state |70S1/2, 73S1/2〉; (c) Time dependence of the
phase of the collective state |70S1/2, 73S1/2〉.
and t2 = 0.2993µs is shown in Fig. 15(a). The value of t2
was selected to reduce the influence of off-resonant chan-
nels of Fo¨rster interaction. The time dependence of the
population [figure 15(b)] and phase [figure 15(c)] of the
collective |70S1/2, 73S1/2〉 state for two interacting Ryd-
berg atoms located at distance R=15.5 µm along the z
axis was calculated taking into account Stark sublevels
of Rydberg states. Our calculations have shown that the
variation of the interatomic distance leads to small phase
changes at the end of the adiabatic passage, thus evidenc-
ing that our method to perform two-qubit quantum gates
is insensitive to the atom position uncertainty.
VII. CONCLUSION
This tutorial is a brief review of the methods of con-
trol of populations and phases of the collective states in
ensembles of interacting atoms using adiabatic passage.
Adiabatic Rapid Passage and Stimulated Raman Adia-
batic Passage are commonly used for population inver-
sion in atomic and molecular systems due to their re-
duced sensitivity to fluctuations of the parameters of the
experiment. We have shown that similar advantages can
be demonstrated for mesoscopic ensembles of strongly
interacting atoms. We have studied the phase dynamics
of the collective states of atomic ensembles and demon-
strated the ability for their precise control, as required
for quantum information processing. Our results are con-
firmed both by numeric simulations and by analytic for-
mulas in the adiabatic approximation. Adiabatic pas-
sage of the Stark-tuned Fo¨rster resonance is an interest-
ing technique which can be used for implementation of
controlled phase gates based on long-range Rydberg in-
teractions. Several schemes of quantum gates for atomic
ensembles and single atoms have been developed. The ex-
perimental implementation of the proposed methods can
be useful to reduce the sensitivity of the gate fidelities to
fluctuations of the experimental parameters (number of
atoms in the trap, interatomic distances, etc.).
ACKNOWLEDGEMENTS
This work was supported by the Russian Science Foun-
dation Grant No. 18-12-00313 (for quantum gates) and
Russian Foundation For Basic Research Grant No.17-02-
00987 (for numerical simulations).
REFERENCES
[1] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambrige University Press,
2011).
[2] S. Benjamin and J. Kelly, Nat. Mater. 14, 561 (2015).
[3] S. Richer and D. DiVincenzo, Phys. Rev. B 93, 134501
(2016).
[4] M. A. Rol, F. Battistel, F. K. Malinowski, C. C. Bultink,
B. M. Tarasinski, R. Vollmer, N. Haider, N. Muthusubra-
manian, A. Bruno, B. M. Terhal, and L. DiCarlo, Phys.
Rev. Lett. 123, 120502 (2019).
[5] C. J. Ballance, T. P. Harty, N. M. Linke, M. A. Sepiol,
and D. M. Lucas, Phys. Rev. Lett. 117, 060504 (2016).
[6] J. P. Gaebler, T. R. Tan, Y. Lin, Y. Wan, R. Bowler,
A. C. Keith, S. Glancy, K. Coakley, E. Knill, D. Leibfried,
and D. J. Wineland, Phys. Rev. Lett. 117, 060505 (2016).
[7] K. A. Landsman, Y. Wu, P. H. Leung, D. Zhu, N. M.
Linke, K. R. Brown, L. Duan, and C. Monroe, Phys.
Rev. A 100, 022332 (2019).
[8] D. P. DiVincenzo, Fortschr. Phys. 48, 771 (2000).
[9] M. Saffman, T. G. Walker, and K. Mølmer, Rev. Mod.
Phys. 82, 2313 (2010).
[10] I. Ryabtsev, I. Beterov, D. Tretyakov, V. Entin, and
E. Yakshina, Phys. Usp. 59, 196 (2016).
[11] G. K. Brennen, C. M. Caves, P. S. Jessen, and I. H.
Deutsch, Phys. Rev. Lett. 82, 1060 (1999).
13
[12] D. Jaksch, J. I. Cirac, P. Zoller, S. L. Rolston, R. Coˆte´,
and M. D. Lukin, Phys. Rev. Lett 85, 2208 (2000).
[13] T. Xia, M. Lichtman, K. Maller, A. W. Carr, M. J. Pi-
otrowicz, L. Isenhower, and M. Saffman, Phys. Rev. Lett.
114, 100503 (2015).
[14] D. Barredo, V. Lienhard, S. D. Leseleuc, T. Lahaye, and
A. Browaeys, Nature 561, 79 (2018).
[15] T. M. Graham, M. Kwon, B. Grinkemeyer, Z. Marra,
X. Jiang, M. T. Lichtman, Y. Sun, M. Ebert, and
M. Saffman, Phys. Rev. Lett. 123, 230501 (2019).
[16] M. Saffman and T. G. Walker, Phys. Rev. A 72, 022347
(2005).
[17] M. D. Lukin, M. Fleischhauer, R. Coˆte´, L. M. Duan,
D. Jaksch, J. I. Cirac, and P. Zoller, Phys. Rev. Lett.
87, 037901 (2001).
[18] L. Isenhower, E. Urban, X. L. Zhang, A. T. Gill,
T. Henage, T. A. Johnson, T. G. Walker, and
M. Saffman, Phys. Rev. Lett. 104, 010503 (2010).
[19] H. Levine, A. Keesling, G. Semeghini, A. Omran, T. T.
Wang, S. Ebadi, H. Bernien, M. Greiner, V. Vuletic´,
H. Pichler, and M. D. Lukin, Phys. Rev. Lett. 123,
170503 (2019).
[20] X.-F. Shi, Phys. Rev. Applied 7, 064017 (2017).
[21] S.-L. Su, Y. Gao, E. Liang, and S. Zhang, Phys. Rev. A
95, 022319 (2017).
[22] D. Petrosyan, F. Motzoi, M. Saffman, and K. Mølmer,
Phys. Rev. A 96, 042306 (2017).
[23] X.-F. Shi, Phys. Rev. Applied 9, 051001 (2018).
[24] X.-F. Shi, Phys. Rev. Applied 10, 034006 (2018).
[25] X.-F. Shi, Phys. Rev. Applied 9, 051001 (2018).
[26] D. X. Li and X. Q. Shao, Phys. Rev. A 98, 062338 (2018).
[27] X.-F. Shi, Phys. Rev. Applied 11, 044035 (2019).
[28] Y. Wang, A. Kumar, T.-Y. Wu, and D. S. Weiss, Science
352, 1562 (2016).
[29] H. Bernien, S. Schwartz, A. Keesling, H. Levine, A. Om-
ran, H. Pichler, S. Choi, A. S. Zibrov, M. Endres,
M. Greiner, V. Vuletic´, and M. D. Lukin, Nature 551,
579 (2017).
[30] P. Z. Zhao, X. Wu, T. H. Xing, G. F. Xu, and D. M.
Tong, Phys. Rev. A 98, 032313 (2018).
[31] M. Saffman and T. G. Walker, Phys. Rev. A 66, 065403
(2002).
[32] H. Wu, X.-R. Huang, C.-S. Hu, Z.-B. Yang, and S.-B.
Zheng, Phys. Rev. A 96, 022321 (2017).
[33] V. S. Malinovsky and J. L. Krause, Eur. Phys. J. D 14,
147 (2001).
[34] S. A. Malinovskaya and G. Liu, “Adiabatic passage con-
trol methods for ultracold alkali atoms and molecules
via chirped laser pulses and optical frequency combs,”
in Advances in Quantum Chemistry, volume 77 (2018)
Chap. 6, pp. 241–294.
[35] E. Kuznetsova, G. Liu, and S. A. Malinovskaya, Physica
Scripta 2014, 014024 (2014).
[36] P. Berman and V. Malinovsky, eds., Principles of Laser
Spectroscopy and Quantum Optics (Princeton University
Press, 2011).
[37] K. Bergmann, H. Theuer, and B. Shore, Review of Mod-
ern Physics 70, 1003 (1998).
[38] I. I. Beterov, D. B. Tretyakov, V. M. Entin, E. A. Yak-
shina, I. I. Ryabtsev, C. MacCormick, and S. Bergamini,
Phys. Rev. A 84, 023413 (2011).
[39] I. I. Beterov, D. B. Tret’yakov, V. M. Entin, E. A. Yak-
shina, G. N. Khamzina, and I. I. Ryabtsev, Quantum
Electronics 47, 455 (2017).
[40] D. Møller, L. B. Madsen, and K. Mølmer, Phys. Rev.
Lett. 100, 170504 (2008).
[41] D. Petrosyan and K. Mølmer, Phys. Rev. A 87, 033416
(2013).
[42] G. S. Vasilev, A. Kuhn, and N. V. Vitanov, Phys. Rev.
A 80, 013417 (2009).
[43] M. Saffman, I. I. Beterov, A. Dalal, E. J. Paez, and B. C.
Sanders, (2019).
[44] I. I. Beterov, M. Saffman, E. A. Yakshina, V. P. Zhukov,
D. B. Tretyakov, V. M. Entin, I. I. Ryabtsev, C. W.
Mansell, C. MacCormick, S. Bergamini, and M. P. Fe-
doruk, Phys. Rev. A 88, 010303(R) (2013).
[45] I. I. Beterov, M. Saffman, E. A. Yakshina, V. P. Zhukov,
D. B. Tretyakov, V. M. Entin, I. I. Ryabtsev, C. W.
Mansell, C. MacCormick, S. Bergamini, and M. P. Fe-
doruk, Laser Phys. 24, 074013 (2014).
[46] I. I. Beterov, M. Saffman, E. A. Yakshina, D. B.
Tretyakov, V. M. Entin, G. N. Hamzina, and I. I. Ryabt-
sev, J. Phys. B: At. Mol. Phys. 49, 114007 (2016).
[47] I. I. Ryabtsev, D. B. Tretyakov, and I. I. Beterov, J.
Phys. B: At. Mol. Phys. 38, S421 (2005).
[48] K. A. Safinya, J. F. Delpech, F. Gounand, W. Sandner,
and T. F. Gallagher, Phys. Rev. Lett. 47, 405 (1981).
[49] I. I. Ryabtsev, D. B. Tretyakov, I. I. Beterov, and V. M.
Entin, Phys. Rev. Lett. 104, 073003 (2010).
[50] D. B. Tretyakov, V. M. Entin, E. A. Yakshina, I. I.
Beterov, C. Andreeva, and I. I. Ryabtsev, Phys. Rev.
A 90, 041403 (2014).
[51] I. I. Ryabtsev, D. B. Tretyakov, I. I. Beterov, V. M.
Entin, and E. A. Yakshina, Phys. Rev. A 82, 053409
(2010).
[52] S. Ravets, H. Labuhn, D. Barredo, L. Beguin, T. Lahaye,
and A. Browaeys, Nat. Phys. 10, 914 (2014).
[53] B. W. Shore, Manipulating Quantum Structures Using
Laser Pulses (Cambrige University Press, 2011).
[54] L. P. Yatsenko, N. V. Vitanov, B. W. Shore, T. Rickes,
and K. Bergmann, Opt. Commun. 204, 413 (2002).
[55] X.-R. Huang, Z.-X. Ding, C.-S. Hu, L.-T. Shen, W. Li,
H. Wu, and S.-B. Zheng, Phys. Rev. A 98, 052324
(2018).
[56] I. I. Beterov and M. Saffman, Phys. Rev. A 92, 042710
(2015).
